A new assay for measuring protein-methionine-S-oxide reductase is reported. The assay measures the conversion of N-(9-fluorenylmethoxycarbonyl)-methionine sulfoxide to N-(9-fluorenylmethoxycarbonyl)-methionine using fluorescence detection after high-performance liquid chromatography separation. Enzyme activity is linear over a 60-min period and the assay is sensitive enough to detect the consumption of only 1% of available substrate. Protein-methionine-S-oxide reductase activity was demonstrated in pea (Pisum sativum L.) chloroplasts, and enzyme levels in leaves of etiolated and light-grown seedlings were compared.
Protein methionyl residues can be oxidized to methionyl sulfoxide residues when exposed to increased intercellular levels of hydrogen peroxide, hydroxyl radicals, or singlet oxygen (4) . This oxidation often inactivates the respective proteins. Examples of proteins susceptible to this form of injury include ribosomal protein L12 (5), a-i-PlP (8) , lipoxygenase (9) , and erythrocyte membrane proteins (12) . Proteins containing a methionyl sulfoxide can be repaired by PrMSR (EC 1.8.4.6) (4, 5) . PrMSR reduces the methionyl sulfoxide residues back to methionyl residues in the presence of reduced thioredoxin, often restoring the protein's biological activity (1, 5) .
PrMSR activity was measured first by following the repair of oxidized ribosomal L12 protein containing Met(O); the oxidized L12 protein was not able to be acetylated like the normal L12 protein (5) . This difference allowed the PrMSR activity to be measured from its coupled activity with the acetylase. However, this PrMSR assay method is difficult to do and has not been used routinely. substrates. N-acetyl-methionine sulfoxide replaced the oxidized protein or peptide, and DTT replaced reduced thioredoxin. This method is sensitive to small amounts of PrMSR activity and can track the enzyme in chromatography fractions; however, the method is not well suited for measuring enzyme activity in tissue extracts. In some assays, 75% or more of the initial substrate was consumed within the assay period (6). Sanchez et al. (11) used this method to study the presence of PrMSR in plants. The relationship between the amount of enzyme per assay and the amount of product formed was found not to be linear. The reported reaction rates did indicate differences in PrMSR activity among tissues and cellular fractions; however, the data could not be used quantitatively. Therefore, this method in its current form has the problem of substrate depletion. Increasing the substrate concentration at the same specific radioactivity would require too much radiolabel, and increasing the substrate concentration by lowering the specific radioactivity would lower the assay's sensitivity.
A known source of the enzyme was needed in order to experiment with the method of measuring PrMSR activity. Sanchez et al. (11) had reported high PrMSR activity using N-acetyl-methionine sulfoxide as the substrate in stromal fractions from chloroplasts. We chose to verify that the enzyme contained within the chloroplast stroma (11) was capable of repairing a protein with an oxidized methionyl residue. To accomplish this, the chloroplast enzyme preparation was tested to determine if it could restore oxidized a-1-PI activity. a-1-PI is a proteinase inhibitor that inhibits several serine proteinases, including elastase. In the trap site of a-1-PI, a methionyl residue is easily oxidized with a resulting loss of inhibitory activity (8 The chloroplast PrMSR's ability to repair the oxidized a-1-PI was assayed. Details of this assay are given in Table I . Following the PrMSR reaction, the amount of Table I a-l-PI inhibitory activity was measured with an elastase assay. To the 100-,uL reaction mixture containing at-i-PI (Table I) 8 .0], 0.1% Triton X-100) was added and mixed. A unit of elastase activity was defined as the amount of enzyme that hydrolyzed 1 ,Amol of N-succinyl-Ala-Ala-Ala-p-nitroanilide per min at 250C. This mixture was incubated at 250C for 5 min to allow a-i-PI to inhibit the elastase. The elastase substrate (500 ,uL of buffer A containing 1 mg of N-succinylAla-Ala-Ala-p-nitroanilide) (3) was then added to the partially inhibited elastase solution. The elastase activity was measured by following the change in A410 at 250C over a period of 4 min.
Synthesis of FMOC-Met(O)
FMOC and the Amino-Tag3 
The FMOC-Met(O) concentration after each synthesis was measured by fluorescence detection following separation on a HPLC equipped with a C-18 column. The HPLC separation program (2) was designed for amino acid analysis. A standard curve comparing quantity of FMOC-Met(O) versus peak height was made with oxidized amino acid Standard H. The methionine within this standard was oxidized to methionine sulfoxide by adding 5 ,AL of 30% H202 to 200 ,AL of the amino acid standard and mixing. After incubating for 1 h at 250C, the amino acds were diluted, derivatized, and analyzed on the HPLC. 
-agmatine, and 10% (v/v) glycerol. The resulting slurry was vigorously mixed for 3 min before centrifuging at 16,000g for 5 min. The supematant was immediately assayed for PrMSR activity and protein concentration.
To make relative comparisons, a standard curve was made from the extract obtained from the first sample of the etiolated leaves; this standard curve compared FMOC-Met(O) produced per min with the amount of protein used in the assay. With this standard curve, the relative amounts of PrMSR activity in the other samples were determined.
RESULTS AND DISCUSSION
The ability of chloroplast stromal preparations to reduce oxidized a-i-PI via PrMSR is described in Table I . By definition, the amount of elastase inhibition was zero when a-1-PI was omitted from the assays. When PrMSR or DTT was omitted from the assays, no repair of oxidized a-i-PI should occur; however, there was 34.9 and 32.3% inhibition of elastase in these two respective assays. This result indicates that not all of a-i-PI was inactivated by the oxidative treatment. When PrMSR, DTT, and oxidized a-1-PI were included in the assays, the inhibition by a-i-PI increased to 46.8%. The 11.9% increase in inhibitory activity in the complete assay is attributed to repair of a-i-PI proteins by chloroplast PrMSR.
Having demonstrated the presence of PrMSR activity in the chloroplast stromal samples, efforts to develop a new assay method were begun. Information on the substrate requirements for PrMSR indicated that only the N terminus of the methionine sulfoxide had to blocked (6) . We chose to test Met(O) blocked with FMOC at the N terminus as a potential substrate. To test the utility of this substrate, FMOCMet(O) was reacted with chloroplast PrMSR, and the conversion of FMOC-Met(O) to FMOC-Met was evaluated.
The conversion of FMOC-Met(O) to FMOC-Met was linear for the 60 min tested (Fig. 1) , and the rate of FMOC-Met accumulation was dependent on substrate concentration. During these assays, less than 1% of the substrate was depleted. Because the conversion of FMOC-Met(O) to FMOC-Met was dependent upon substrate and enzyme concentrations and because less than 1% of the substrate was depleted, measurements of the Km for FMOC-Met(O) and (10, 14) . Because PrMSR repairs proteins exposed to oxidants, its presence in the chloroplast would be reasonable.
A disadvantage of this method is that PrMSR activities of unknowns are relative to the PrMSR source used to make the standard curve. Assays resulting in a standard curve need to be included whenever measurements are being made. If this is done, the method developed in the present study permits accurate measurement of PrMSR activity in tissue extracts, unlike previously published methods. There was little depletion of the substrate, and activities over a 50-fold range of enzyme concentration can be measured. These characteristics are in contrast with the PrMSR assay method using N-acetylmethionine sulfoxide described by Brot et al. (6) and utilized by Sanchez et al. (11) . Future plans include the use of FMOCMet(O) as substrate to measure PrMSR activity in plants exposed to environmental stresses.
